The ion/ion reactions of several dozen reagent anions with triply protonated cations of the model peptide KGAILKGAILR have been examined to evaluate predictions of a Landau-Zener-based model for the likelihood for electron transfer. Evidence for electron transfer was provided by the appearance of fragment ions unique to electron transfer or electron capture dissociation. Proton transfer and electron transfer are competitive processes for any combination of anionic and cationic reactants. For reagent anions in reactions with protonated peptides, proton transfer is usually significantly more exothermic than electron transfer. If charge transfer occurs at relatively long distances, electron transfer should, therefore, be favored on kinetic grounds because the reactant and product channels cross at greater distances, provided conditions are favorable for electron transfer at the crossing point. The results are consistent with a model based on Landau-Zener theory that indicates both thermodynamic and geometric criteria apply for electron transfer involving polyatomic anions. Both the model and the data suggest that electron affinities associated with the anionic reagents greater than about 60-70 kcal/mol minimize the likelihood that electron transfer will be observed. Provided the electron affinity is not too high, the Franck-Condon factors associated with the anion and its corresponding neutral must not be too low. When one or the other of these criteria is not met, proton transfer tends to occur essentially exclusively. Experiments involving ion/ion attachment products also suggest that a significant barrier exists to the isomerization between chemical complexes that, if formed, lead to either proton transfer or electron transfer.
Introduction
Proton transfer and electron transfer constitute the two most important mechanisms for the transfer of charge, the former forming the basis for Brønsted acid-base chemistry and the latter forming the basis for oxidation/reduction chemistry. As a result, proton transfer and electron transfer reactions are among the most widely studied in all of chemistry. In the gas phase, they play important roles in, for example, atmospheric, interstellar, combustion, and discharge environments and are also key processes in many forms of ionization relevant to mass spectrometry. Such reactions often involve an ion and a neutral atom or molecule but can also involve reactions between oppositely charged ions in environments in which both ion polarities are present. Electron capture by a neutral or cationic species is also a common and important process in most of the same environments just mentioned. Significant attention has recently been focused on electron capture by multiply protonated peptides and proteins in the gas phase. This process, referred to as electron capture dissociation (ECD), 1 has been observed to give rise to structurally informative fragmentation of the cations and is, therefore, useful for the identification and characterization of peptides and proteins. ECD of peptide and protein cations usually gives more extensive primary sequence information than can be derived from the dissociation of the ions via conventional ion activation methods. Often, ECD also provides information complementary to that derived from conventional methods. For example, ECD has been shown to be particularly useful in the characterization of post-translationally modified peptides and proteins 2 because the process is selective for disulfide linkages and for polypeptide backbone linkages, whereas conventional activation methods often cleave the labile bonds associated with common post-translational modifications, such as phosphorylation and glycosylation. To date, efficient ECD has been restricted to only one form of mass spectrometry, that is, Fourier transform ion cyclotron resonance mass spectrometry, although recent reports describing ECD in electrodynamic ion traps at relatively low efficiencies have appeared. 3 It has recently been demonstrated that peptide structural information similar to that derived from ECD can also be generated via gas-phase electron transfer reactions from singly charged anions to multiply protonated peptides. 4 Dissociation resulting from electron transfer appears to be analogous to that resulting from electron capture in that peptide backbone cleavages to yield c-and z-type ions appear to be preferred over cleavages of labile bonds associated with phosphorylation 4a,b and glycosylation, 5 and cleavages of disulfide linkages appear to be preferred over backbone cleavages. 6 Electron transfer dissociation (ETD), a term coined for fragmentation resulting from electron transfer via ion/ion reaction, is of particular interest for its potential as a structural tool in the identification and characterization of peptides and proteins. Ion/ion reactions are readily effected in electrodynamic ion traps, 7 which are common components in tandem mass spectrometers of various types. Hence, polypeptide structural information, heretofore accessible only via ECD in Fourier transform ion cyclotron resonance instruments, may also be obtained with a variety of other mass spectrometric tools.
Protonated peptides might be expected to behave as Brønsted acids, rather than as oxidizing agents, in bimolecular reactions. In fact, for protonated peptides in reaction with neutral molecules, electron transfer is usually endothermic while proton transfer can be exothermic, depending upon the basicity of the molecule. The only peptide ion/neutral target electron transfer data presented to date employed collision energies of tens of kiloelectronvolts to induce endothermic electron transfer from metal vapor targets and C 60 . 8 In the case of ion/ion reactions, however, particularly when the polypeptide is multiply charged, both proton transfer and electron transfer are often exothermic processes. In the majority of cases reported to date, proton transfer from a peptide or protein cation to a singly charged 9 or multiply charged 10 anion has been the dominant mechanism. Proton transfer is particularly useful as a means for charge state manipulation of peptides and proteins, 11 whereas electron transfer appears to be a highly useful means for deriving structural information. Therefore, it is of interest to understand the characteristics of the anionic reagent that determine the extents to which proton transfer and electron transfer compete. In this report, we present results for reaction of a single triply charged peptide, which serves as a prototypical multiply protonated species, with a variety of anionic reagents having a range of electron affinities and Franck-Condon factors associated with the anion. The results are interpreted in the context of a curve crossing model that provides a firm basis upon which the characteristics of a reagent anion can be correlated with the likelihood for either electron transfer or proton transfer to multiply protonated peptides.
Experimental Section
Materials. Peptide samples were synthesized by SynPep (Dublin, CA). Acetic acid and methanol were obtained from Mallinckrodt (Phillipsburg). Azobenzene, cis-stilbene, norbornodiene, fluoranthene, perylene, sulfur, carbon disulfide, 2-iodopropane, 1,2-dinitrobenzene, 1,3-dinitrobenzene, 1,4-dinitrobenzene, 1,3,5-trinitrobenzene, picric acid (2,4,6-trinitrophenol), perfluoro-1,3-dimethylcyclohexane, and sulfur hexafluoride were all purchased from Sigma-Aldrich (St. Louis, MO). Sulfur dioxide was purchased from Scott Specialty Gases (Troy, MI). All peptide samples were used without further purification. Working solutions of 0.1 mg/mL in aqueous 1% acetic acid were prepared from 1 to 5 mg/mL stock aqueous peptide solutions. In the case of guanidinated KGAILKGAILR, the lysine residues were converted to homoarginine residues using a method described previously. 12 Procedures. Most experiments were performed using a Finnigan Ion Trap Mass Spectrometer (ITMS) (San Jose, CA) equipped with multiple ion sources, as described in detail previously. 13 In brief, a DC turning quadrupole is used to direct sequential injection of ions from three ion sources through an ion trap end-cap electrode, while a fourth ion source, an atmospheric sampling glow discharge ionization source (ASGDI), is mounted such that ions formed therein can be injected directly through the ring electrode of the ion trap. The injection and timing of all sources are controlled by the ITMS software. In this report, two of the three sources on the front-end of the DC turning quadrupole were used. A nanoelectrospray ionization source was used for generating peptide cations, and an ASGDI source was used for producing reagent anions. 14 Borosilicate glass capillaries (0.86 mm i.d., 1.5 mm o.d.) were pulled using a P-87 Flaming/Brown micropipet puller (Sutter Instruments, Novato, CA) to form nanoelectrospray emitters. A stainless steel wire, attached to an electrode holder (Warner Instruments, Hamden, CT), was inserted into the capillary, and a potential of 1-2 kV was applied to the wire to induce electrospray. 15 The ASGDI source for these studies consisted of two metal half-plates mounted within the ion source, as described in detail elsewhere. 16 The voltage and current necessary to create a discharge were produced by applying about -400 V on one half-plate via a PVX-4150 high voltage pulser, Directed Energy Inc. (Fort Collins, CO), while the other plate was grounded. Solid and liquid reagents were introduced using a heated inlet system (with variable temperature controller). During operation, the pressure of the glow discharge source was maintained at ∼0.8-1.6 Torr. Sulfur dioxide was introduced directly at a pressure of ∼0.2-0.5 Torr. The experimental sequence typically consisted of the following steps: peptide cation accumulation, ion isolation, reagent anion accumulation, reagent anion isolation, mutual storage of oppositely charged ions to effect ion/ion reactions, removal of residual reagent anions, and mass analysis of product/residual reactant ions. Ion isolation steps were performed by radio frequency (rf) ion isolation ramps tuned to eject ions from selected ranges of mass-to-charge ratio. 17 Appropriate resonance ejection conditions were used to obtain the desired mass/ charge range. 18 Some experiments were performed on a Hitachi (San Jose, CA) M-8000 3-DQ ion trap mass spectrometer, modified to allow for ion/ ion reactions, which has been described previously.
19 Reagent anions were formed using ASGDI and injected into the ion trap via a hole in the ring electrode. 20 The order of events used in these experiments was very similar to that described above, although anion isolation was typically accomplished during anion accumulation. Filtered noise field (FNF) waveforms were used to isolate the desired charge state. 21 In some cases, subsequent isolation and collision-induced dissociation (CID) steps were used. CID was performed by resonantly exciting ions of interest (∼300 ms) using an auxiliary Agilent (Palo Alto, CA) 33120A arbitrary waveform generator controlled by a software TTL trigger. Mass analysis was performed by resonance ejection.
Calculations. High level density functional theory (DFT) and ab initio computations were carried out to obtain the structures and energies of ions and neutral species relevant to this study using Gaussian 03. 22 Geometry optimizations, including vibrational analysis, were performed at the B3LYP/6-31G+(d) level. 23 All stationary points were found to be true minima by carrying out vibrational frequency analysis using the same basis set.
To determine the energies of the various species, single-point energy calculations were performed with the GAUSSIAN-2 (G2) 24 or GAUSS-IAN-3 (G3) 25 methods. These composite calculation methods consist of a sequence of well-defined single-point calculations, at the MP2, MP4, and QCISD(T) levels of theory, yielding relatively accurate quantities for properties. G3-derived quantities tend to be more accurate than those obtained from G2 energies, particularly in the calculations of ionization potentials and electron affinities. 22 Therefore, calculated values reported in this paper were obtained with G3 theory. In those cases, where experimental data are available, the G3 results and experimental values are within 5 kcal/mol, with most examples showing agreement within 2 kcal/mol.
The Franck-Condon factors were calculated using a code developed by Zwier et al. 26 based on an earlier program by Vivian and Callis. 27 The program uses as input optimized geometries, normal mode harmonic vibrational frequencies, and normal mode Cartesian displacement coordinates from Gaussian 03 calculations. The overlap integrals are calculated using the recursion relations developed by Doktorov et al. 28 The numbers listed correspond to transitions between the ground electronic states of the anion and corresponding neutral (see Table 2 ).
Results and Discussion
Electron Transfer versus Proton Transfer. The energy surfaces of electron transfer and proton transfer reactions involve crossings of the electronic states associated with reactants, on one hand, and products on the other. Particularly in the case of ion/ion reactions, these crossings can occur at relatively large distances, compared with those associated with ion/molecule reactions, due to the long-range 1/r attractive potential associated with the entrance channel. For the purpose of this discussion, it is useful to consider the cross-sections for the various possible types of ion/ion reactions that can occur for a given reactant pair on the basis of the simple cross-section relationship where P is the average probability that the reaction will occur at classical impact parameters, b, that bring the reactants to within a minimum reaction distance, r rxn , where the reaction can be, for example, proton transfer or electron transfer. In the case of ion/ion reactions involving relatively large multiply charged polyatomic ions, several impact parameters are relevant. These include the impact parameters for proton transfer, electron transfer, hard-sphere collision (i.e., where a relatively long-lived intimate collision complex is formed), and that for the formation of a stable electrostatically bound orbit. The latter impact Electron versus Proton Transfer in Ion/Ion Reactionsparameter is significant because previous ion/ion kinetics studies involving multiply charged proteins in the ion trap environment suggest that the overall rate-determining step is the formation of an electrostatically bound pair. 29 According to the classical three-body interaction (Thomson model 30 ), the square of the impact parameter for formation of a bound orbit, b orb 2 , is given by 31 where Z 1 and Z 2 are the unit charges of the ions; e is the electron charge; V is the relative velocity, and µ is the reduced mass. When e is in Coulombs, µ in kg, V in m/s, and 1/(4π 0 ) in kg‚m 3 ‚s -2 ‚C -2 , b is in units of meters. While it is recognized that this model is deficient in the sense that it makes some arbitrary assumptions that cannot be justified rigorously, it has the advantage of simplicity and agrees reasonably well with experimental results. 31 Upon formation of a bound orbit, the oppositely charged ions can eventually come into close enough proximity for reaction by virtue of the degree of eccentricity of the orbit (e.g., high eccentricity orbits tend to bring the reactants into close enough proximity for a "chemical" collision) and by collapse of the orbit via either collisions or tidal effects. 32 In general, the three key potential two-body interactions involve either proton transfer, electron transfer, or a collision in which the reactants can form a relatively long-lived complex. For the sake of simplicity, we will refer to a collision in which a long-lived complex is formed as a hard-sphere collision. The square of the impact parameter for a hard-sphere collision, b h-s 2 , is given by 31 where r h-s represents the distance for a physical collision between the ionic partners. Similar expressions can be written for proton transfer and electron transfer by replacing r h-s with r PT and r ET , respectively. That is, the square of the impact parameter for proton transfer, b PT 2 , is given by 
and the square of the impact parameter for electron transfer, b ET 2 , is given by Proton transfer and electron transfer become possible when the energy surfaces of the reactants and products cross. Hence, r PT for ground state reactants and products can be estimated from and r ET can be estimated from where the enthalpies of the proton transfer and electron transfer reactions are represented by ∆H PT and ∆H ET , respectively. Note that relationships 3-7 are indicated as approximations because the oppositely charged ions are assumed to be point charges, which is not justifiable at close approach. However, in evaluating the relative degrees of proton transfer and electron transfer, it is likely that the three-dimensional structures of the ions would have similar effects on r PT and r ET . In the case of proton transfer involving a multiply protonated peptide or protein, MH n n+ , and a singly charged anion, Awhere PA(MH (n-1) (n-1)+ ) represents the proton affinity of MH (n-1) (n-1)+ , and ∆H acid (AH) is the equivalent of the proton affinity of A -(PA(A -)). The heat of reaction for electron transfer for the same reactants is given by where EA(A) represents the electron affinity of A, and RE-(MH n n+ ) represents the recombination energy of the cation.
Note that the value of ∆H ET is dependent upon the specific electronic states involved in the crossing at which the net electron transfer reaction takes place. The values reported here are based on the ground states of the reactants and products, but it is recognized that crossings involving excited states may play important roles. Figure 1 shows hypothetical potential energy curves for an ion/ion reaction involving a multiply protonated peptide or protein, MH n n+ , and a singly charged anionic reagent, A -. The entrance channel is dominated by the long-range 1/r attractive potential, whereas the exit channels follow potentials associated with an ion/molecule reaction (i.e., shorter-range ion-dipole and ion-induced-dipole interactions) as the anionic reagent is neutralized. The points at which the entrance channel curve crosses the exit channels correspond to the equalities of eqs 6 and 7 for proton transfer and electron transfer, respectively. Crossings associated with excited states will occur at larger distances than those of the respective ground state crossings. Figure 2 shows representations of πr 2 in a scattering reference system (i.e., scattering center of infinite mass and a scattering partner of reduced mass, µ), for the cases of capture into a bound orbit (dashed lines), electron transfer, proton transfer, and formation of a chemical complex (filled circle in the center). Note that the ion/ion orbits are elliptical in nature, and that the dashed line circle in Figure 2 represents the special case of an orbit with an eccentricity of zero. For orbits with high degrees of eccentricity, the distance between the ions varies significantly during the course of an orbit such that orbits with significant eccentricities can bring the reactants to within distances for chemical reaction. The dashed line circle is shown here simply to indicate that, based on studies made to date in the ion trap, 9b,29 formation of a Coulomb bound orbit appears to be the overall ion/ion reaction rate-limiting step. The ion/ion reaction mechanism, however, is determined by factors that come into play at shorter interaction distances. The radii of the circles shown in Figure 2 are not necessarily drawn to scale, although the 
Electron versus Proton Transfer in Ion/Ion Reactionsqualitative order of the magnitudes of these radii expected for many ion/ion reactant combinations is reflected. An alternative to electron transfer taking place at a distant crossing is a crossing of potential curves within the chemical complex, as represented by the point at which the two curves meet on the repulsive part of the potential. The crossing point location is arbitrary. (n-1)+ ‚‚‚HA], dissociation of the long-lived intermediate comprised of the cation and anion would be expected to yield proton transfer products. This is due to the fact that proton transfer is highly favored thermodynamically for most polypeptide cation/anion combinations (vide infra).
The key to determining if electron transfer is a significant mechanism is likely to be found in the factors that determine the probability term in eq 1 for electron transfer, P rxn ) P ET . Electron transfer reactions at points at which the entrance and exit channel energies are equal are usually treated in terms of Landau-Zener theory 33 for "avoided crossings". That is, the diabatic states cross (see dashed lines in insert of Figure 1 ), while the adiabatic states (see solid curves in insert of Figure  1 ) do not. This theory expresses the probability for transitions between adiabatic surfaces at the crossing, where the adiabatic curves are at their closest approach as where P LZ represents the so-called Landau-Zener probability for transition between adiabatic states at the avoided crossing; ∆V rET is the shortest distance between the adiabatic curves (solid lines in insert of Figure 1) at the avoided crossing, dr/dt is the radial velocity at this point, p is Planck's constant, and |dV I /dr -dV F /dr| is the difference in the slopes of the reactant and product ion channels at the avoided crossing. The energy gap between the adiabatic curves, ∆V rET , at its minimum point is given by 2H 12 , where H 12 is the coupling matrix element that indicates the strength of electronic coupling between adiabatic states. For curve crossing transitions involving atomic collisions and some involving small molecule systems, the H 12 term has been estimated with relationships of the form where A and a are constants, or where A is a factor with an r dependence. 34 Such a dependence of H 12 upon r when applied to eq 10 predicts a sigmoidal dependence of P LZ upon r, with P LZ approaching zero at small r and unity at large r. As two crossings take place in the course of an electron transfer reaction at long range, a successful electron transfer must involve one diabatic crossing, given by P LZ , and one adiabatic crossing, given by (1 -P LZ ). Since there are two ways that this can happen (i.e., curve crossing on the incoming trajectory and avoided crossing on the outgoing trajectory, and vice versa), the total probability for electron transfer, P ET , is given by
The maximum likelihood for electron transfer, therefore, is expected to be at P LZ values of roughly 0.5, according to this model. All electron transfer models based on Landau-Zener theory, therefore, predict a more or less broad maximum in P ET as a function of r ET . In the case of molecular systems, the transition probabilities between the vibrational states of the reactants and products play an important role in determining the behavior of the system at a curve crossing. To accommodate these transition probabilities, eq 10 is modified by including the relevant Franck-Condon factors. 35 where 〈 1V′ | 2V′′ 〉 2 represents the Franck-Condon overlap between reactant and product vibrational wave functions associated with the transition from 1V′ to 2V′′. Equation 13 implies that, in the absence of significant Franck-Condon overlap at the crossing point, P LZ will tend to be large, resulting in a low overall P ET . Hence, both electronic coupling between the adiabatic states and Franck-Condon overlap at the crossing point are important criteria in determining the likelihood for electron transfer at a distant crossing point for molecular ions. 36 Of all parameters relevant to Landau-Zener theory, H 12 (r) is the most difficult to evaluate, even for atomic and small molecular systems. However, an approximate model can at least provide some insights into the qualitative effects of experimental variables on P ET . Olson et al. 37 published a parametrized coupling matrix element, H 12 , for use in eq 11, given by: 
where all parameters are in atomic units. Further approximations, which are also expected to apply to the ion/ion reaction case discussed here, were also made to simplify evaluation of the exponential term in eq 10 to give
The probability for electron transfer (eq 12) can be estimated using relations 14 and 15 with the input of the reactant ion masses and charges, cation recombination energy, anion electron affinity, and a value for the relevant Franck-Condon factor (atomic units). Figure 3 shows the predicted electron transfer probability as a function of the electron affinity of the species that forms the reagent anion for a cation mass of 1000 Da, anion mass of 100, cation charge of +1, anion charge of -1, a cation recombination energy of 4.02 eV (vide infra), and a FranckCondon overlap of 1.0.
A maximum in the probability for electron transfer is found over a finite range of anion electron affinity. At low electron affinity, the overall probability is low because P LZ is high, whereas at high electron affinity, the overall probability is low because P LZ is low. The model indicates that as the recombination energy of the cation increases, the maximum in the electron transfer probability shifts to higher values of electron affinity, whereas as the cation charge increases, the maximum shifts to lower electron affinities. These tendencies are significant because, in general, as cation charge increases, the recombination energy of the cation also increases. These tendencies have opposing effects on the position of the electron transfer probability. For cations and anions of mass greater than about 100, the masses of the ions have only a small effect on the position of the electron transfer probability maximum. This model predicts that the maximum electron transfer probability changes little when the relevant Franck-Condon factor decreases from 1.0 to 0.1, although the position of the maximum shifts to lower electron affinities. However, a nearly order of magnitude decrease in probability accompanies a change in Franck-Condon factor from 0.1 to 0.01. Further order of magnitude decreases in Franck-Condon factor result in order of magnitude decreases in maximum electron transfer probability. This is a significant result in that it predicts electron transfer probability to be relatively insensitive to FranckCondon overlap from 1 to 0.1 for a given transition, provided the electron affinity of the reagent species falls within the region of high probability. However, Franck-Condon factors significantly less than about 0.1, on the other hand, lead to substantially lower electron transfer probabilities.
The probability for proton transfer at the relevant crossing point can also be described in the context of Landau-Zener theory with the appropriate parameters used in relation 10. Proton transfer can also take place via a long-lived chemical complex, and for most reactant pairs, this reaction is likely to be favored on thermodynamic grounds if the reactant ions come into contact without already having transferred an electron or proton at a crossing point. Hence, given that the electron transfer crossing point is, in most cases, reached first and that proton transfer reactions are expected to take place at closer approaches, it is the likelihood for electron transfer at the crossing point that is expected to be the major factor in determining the extent of electron transfer. 3+ . Given that we are primarily interested in the characteristics of the anion that lead to either electron transfer or proton transfer with protonated polypeptides, we have chosen to examine properties of the anion that might be expected to affect the transition between surfaces. Specifically, we have examined the electron affinity of A and the Franck-Condon factors for transition from the populated states of the anion, A -, to the ground state of the neutral as well as to higher vibrational states of A. Values for ∆H PT and ∆H ET have been calculated both at the G2 and G3 levels for several anionic reactants, some of which are known to react, at least partly, via electron transfer, as well as several known to react essentially exclusively via proton transfer (see Table 1 for a summary of selected cases based on G3 calculations). Protonated guanidine and protonated glycine were used as models for cationic charge sites in polypeptide cations. Protonated guanidine serves as a model for protonated arginine, and protonated glycine serves as a model for a protonated N-terminus. While the actual proton affinities and recombination energies associated with charge sites in multiply charged polypeptides are expected to vary with charge site, degree of intramolecular solvation, and Coulombic repulsion within the ion, the values calculated here are expected to be fairly representative of commonly encountered cases. They are consistent with the 4-7 eV range of values obtained via thermodynamic cycles. 38 Adiabatic recombination energies and electron affinities were used here for the determination of the enthalpy of the electron transfer reaction, rather than vertical values. Relatively little likelihood for error in determining the relative exothermicities of proton transfer and electron transfer is expected by using this approximation given the large differences found in most cases (see Table 1 ). The assumption is also made that electron transfer occurs to a protonated site. Recent studies have indicated that the presence of a nearby positive charge can lead to positive electron affinities for amide groups 39 and disulfide linkages. 40 The implication for this possibility on reaction exothermicity is that the process would Figure 3 . Electron transfer probability versus electron affinity as determined using the approximations given in relations 14 and 15.
Reagent Anions and Reactions with [KGAILKGAILR + 3H]
be less exothermic than transfer to the protonation site. This represents the crossing of curves at higher energy states leading to larger crossing distances. On the basis of the enthalpies associated with ground state reactants and products, it is clear that both electron transfer and proton transfer are exothermic for every cation/anion combination in Table 1 . With the exception of carbon disulfide as anionic reagent, proton transfer is much more exothermic than electron transfer for each case, although the difference, ∆H PT -∆H ET , varies widely with anion identity. On the other hand, the enthalpy difference is relatively insensitive to identity of the model cation.
The clear signature for the occurrence of electron transfer to a multiply protonated polypeptide ion is the appearance of cand z-type fragments, in direct analogy to those observed in ECD. 1 Ion/ion proton transfer reactions generally do not lead to fragmentation of polypeptide ions. 7 The typically observed b-and y-type ions formed from fragmentation of closed-shell polypeptide ions can be observed at relatively low levels due to a small degree of collision-induced dissociation of residual multiply charged parent ions upon mass-selective ejection from the ion trap. 4c An example is given in Figure 4 with the comparison of the post-ion/ion reaction spectra derived from the reaction of the triply protonated peptide KGAILKGAILR with the molecular anions of azobenzene and carbon disulfide. Figure 4a , which displays the results from the azobenzene anion reaction, shows the c 5 -c 10 product ions as well as the z 4 -z 10 products. Loss of fragments from the arginine side chain, which has been noted in ECD 43 and for ETD 4c with SO 2 -• , is also observed. Several y-type ions are also observed to contribute. In the case of the reaction with the carbon disulfide anions, the c-and z-type fragments are missing, while a few y-type ions are observed. These ions arise from fragmentation of the residual doubly protonated ions upon their resonance ejection from the ion trap because they are not observed when the residual doubly charged ions are ejected from the ion trap prior to mass analysis. This is demonstrated in Figure 5 for reactions of the triply protonated peptide KGAILKGAILR cation with nitrobenzene anions, the molecular anion of SF 6 , the iodide ion, and the anion derived from fluorine loss from the molecular anion of perfluoro-1,3-dimethyl cyclohexane (PDCH-F) -. The latter ion has been used extensively for manipulation of peptide and protein cation charge via proton transfer. These data were collected after ejection of all ions of m/z ratio less than or equal to that of the residual doubly charged ions. This process removes most residual multiply charged ions prior to mass analysis.
Most of the data collected for this study were not obtained in the manner used to collect data in Figure 5 because this process also removes c-and z-type products of m/z less than that of the residual doubly charged parent ions.
The assessment that electron transfer to the peptide cation occurs is based upon the appearance of ETD products. Unfortunately, however, it is difficult to make an accurate quantitative assessment of the relative contributions of proton transfer and electron transfer for several reasons. Scheme 1 indicates the possible fates for the peptide ion as a result of an ion/ion reaction in which proton transfer and electron transfer compete.
It has been noted that some peptide cations undergo electron transfer but do not necessarily dissociate as a result. 4 This channel is represented in Scheme 1 by the formation of a "stable" MH n (n-1)+• ion. If analogies hold between electron transfer and some mechanisms put forward for electron capture, 44 backbone bonds in the electron transfer product may actually be cleaved, but noncovalent interactions are sufficiently strong to prevent the fragments from separating. Regardless of the bonding and structure of the product, a fraction of the ions nominally survive the electron transfer process. The resolving power of the instrument used in these studies is not sufficiently high to separate the surviving electron transfer products from proton transfer products (e.g., MH n (n-1)+• versus MH (n-1) (n-1)+ ). The presence of such products is apparent; however, from collisional activation of the intact peptide ion population derived from electron/proton transfer, c-and z-type products are observed. 4b,c No such products are observed from ion/ion reaction products formed from species known to react exclusively via proton transfer, such as anions derived from perfluorocarbons 7 (see also the data and discussion below regarding Figure 7) . A more problematic complication, because it cannot be ameliorated by use of a higher resolving power mass analyzer, is the potential for hydrogen atom loss from the initially formed MH n (n-1)+•* ion. This reaction channel has been noted for ECD. 45 An electron transfer reaction followed by dissociation via hydrogen atom loss cannot be distinguished from a proton transfer reaction. Hence, this reaction channel, if significant, leads to an underestimation of the extent to which electron transfer competes with proton transfer. In this work, we report the percentage of post-ion/ion reaction ion signal attributable to ETD (i.e., total ion signal due to signals that correspond to expected ETD products divided by the summation of all ion signals other than residual peptide cation reactant multiplied by 100), i.e.
as a relative measure of electron transfer versus proton transfer for a given polypeptide ion versus a variety of anions. It should be recognized that this underestimates electron transfer because it does not account for a fraction of the initially formed electron transfer peptide ion products that survive and does not account for the hydrogen loss ETD channel. To the extent that these two processes differ for different electron transfer reagents, and there are data that show variation with anion reagent, 4b the relative extents of electron transfer versus proton transfer judged by this measure could lead to inaccurate relative rankings in some cases. However, all of the reagents that undergo electron transfer appear to give rise to a measurable extent of ETD with the triply protonated peptide used in this study. This conclusion is based upon the observation that collisional activation of the undissociated ion/ion reaction products yielded only b-and y-type products for the anions that yield no expected ETD fragments directly in the ion/ion reaction. Hence, the % ETD measure used here is useful in assessing whether electron transfer is a competitive process. Of the species in Table 1 , O 3 -• , SO 2 -• , S 3 -• , and the azobenzene anion (C 6 H 5 NNC 6 H 5 -• ) have all been observed to lead to the formation of ETD products in reactions with multiply protonated peptides (see Figure 4a for results for C 6 H 5 NNC 6 H 5 -• ), whereas the SF 6 -• , I -, CS 2 -• , and anions comprised of carboxylate functionalities 7 are known to react exclusively via proton transfer (see Figure 5b for SF 6 -• , Figure 5c for I -data, and Figure 4b for CS 2 -• data). For the species listed in Table  1 , both electron transfer and proton transfer are exothermic for all reagent anions with each model cation. Furthermore, with the exception of CS 2 , proton transfer is much more exothermic than electron transfer. This is expected to be generally the case for an ion/ion reaction involving a multiply protonated peptide or protein due to the low recombination energy values of the closed-shell protonated peptides compared to, for example, those of radical cations derived from organic molecules. Hence, for the majority of anions in reaction with protonated peptides, πr ET 2 exceeds πr PT 2 when the radii are determined from eqs 6 and 7. Thus, if the probability of electron transfer is high at the crossing point, an anion would be expected to give rise to a significant extent of electron transfer. Since the electron transfer crossing point is reached first, the factors that determine the probability of electron transfer at the crossing point are expected to determine the extent to which electron transfer is observed. In the case of CS 2 , the crossing points for proton transfer and electron transfer are expected to be very close to one another. Even in this case, the likelihood for electron transfer at the crossing point might be expected to play a role in determining the extent to which electron transfer is observed.
The model discussed above suggests that, for a given polypeptide anion, two criteria must be met for significant electron transfer probability: (i) the electron affinity of the anion should place the crossing point in a region favorable for net electron transfer (e.g., as determined by relation 10); and (ii) in the case of molecular anions, favorable Franck-Condon factors associated with the electronic transitions should be present (as reflected in the modification of relation 10 to lead to relation 11). Several ions with relatively low electron affinity have been shown to give rise to relatively efficient electron transfer. The results of Figure 3 , however, suggest that there might be cases where the electron affinity of the ion can be either too low or too high. Figure 3 reflects only the probability for a single transition with a Franck-Condon overlap of 1.0 and assumes a ∆H ET corresponding to formation of ground state products. For reagents with low electron affinities, transitions to higher energy states of the products with favorable Franck-Condon overlap may be accessible, and these crossing points could fall in the range of crossing points with favorable P ET . On the other hand, no other states below the ground states can be present. Hence, species with electron affinities on the high side in Figure  3 , which are those with crossing points too distant for high probability, can only give crossing points associated with excited states that are even more distant. Therefore, it is likely that a reagent species can have an electron affinity that is too high for electron transfer, despite an exothermic reaction, but it is less likely that reagents can have electron affinities that are too low. Table 2 lists Franck-Condon factors associated with the reagent anion involving the ground electronic states of the anion and neutral, electron affinities of the reagents, and % ETD efficiencies for a variety of anion reactants for which ion/ion reactions have been performed. Franck-Condon factors are listed for the transition between the ground vibrational states of the ground electronic states of the anion and neutral (〈0|0〉 2 ) and for the sum of the Franck-Condon factors for transition from the ground vibrational state of the ground electronic state of the anion, which is expected to be the most heavily populated state under these experimental conditions, to the 10 lowest energy vibrational states of the electronic ground state of the neutral species (Σ 〈0|e10〉 2 ). The latter values account, in part, for the possibility for formation of the neutral reagent in vibrationally excited states and may be a better measure of the relative probability for a transition than the value for the 0-0 transition alone. In either case, the results appear to be consistent with the criteria described above for electron transfer. No reagent with an electron affinity greater than or equal to 62.0 kcal/mol shows a measurable tendency for electron transfer, regardless of the Franck-Condon factors. The nitrate and carbonate anions, for example, might be expected to transfer an electron based on their Franck-Condon factors because they are as high as many of the species for which ETD is observed. However, neither shows such a tendency, presumably due to the high electron affinities associated with these reagents. Furthermore, I -has no measurable propensity for ETD, but there appears to be no reason the I -f I • transition should be disfavored, as it is found to be a facile transition in negative ion photoelectron spectroscopy. 46 The electron affinity of I • is relatively high, possibly too high for efficient electron transfer. (The LandauZener model, with Olson's parameter's for the estimation of H 12 , predicts very poor electron transfer probability for species with electron affinities of roughly 70 kcal/mol or greater for virtually any set of parameters that can be expected to apply to a reaction with a multiply protonated peptide.) It is probably also noteworthy that anions with carboxylate, sulfate, and phosphate functionalities have not shown any tendency for ETD. The electron affinities for the radicals associated with these functionalities are consistent with this observation because they are all significantly greater than 70 kcal/mol.
Several of the species that give rise to relatively efficient ETD are associated with reagents with relatively low electron affinities, such as azobenzene, fluoranthene, and perylene. As discussed above, a low electron affinity by itself need not result in poor electron transfer probability due to the possibility for crossings between higher energy states. However, it might be significant that the % ETD values for norbornodiene and deprotonated cis-stilbene are relatively low. The electron affinities associated with these reagents are the two lowest in Table 2 . In any case, it is not as clear from the data of Table 2 that a low reagent electron affinity adversely affects the probability of electron transfer as much as a very high electron affinity does.
Table 2 also shows that favorable Franck-Condon overlap is an important criterion for reagents with electron affinities that are not too high. For example, the three species with electron affinities less than 60 kcal/mol that show essentially no electron transfer (CS 2 , SF 6 , and SO 3 ) all have very low Franck-Condon overlap. Those of SF 6 and SO 3 are especially low. The FranckCondon overlap associated with CS 2 is significantly lower than those of the reagents that show measurable electron transfer, but the fact that the crossing points for proton transfer and electron transfer are expected to be close to one another (see Table 1 ) may also play a role in the lack of electron transfer associated with CS 2 -• . Perfluorocarbon anions and SF 6 -• are known to be relatively resistant to electron transfer in ion/ molecule reactions, which has been attributed to relatively large geometry changes in going from the anion to the neutral. 47 While a large electron affinity alone can account for the poor electron transfer reactivity for the perfluorocarbon species [PDCH-F] -(see Table 2 ), poor Franck-Condon overlap is likely to account for the poor electron transfer reactivities of SF 6 -• and SO 3 -• , as the electron affinities of SF 6 and SO 3 fall well within the range for which electron transfer is observed. Perhaps the most notable exceptional case is that of o-dinitrobenzene, which shows relatively poor Franck-Condon overlap for the listed transitions (although they are significantly higher than those associated with CS 2 , SF 6 , and SO 3 ). Unfortunately, there may be ambiguity in the experimental data in that it was not possible to confirm that the reactant anion was purely the isomer of interest. In any case, the overall trends in the data suggest that, at least for most anions, two major criteria apply for efficient electron transfer: (i) favorable vertical transition probabilities and (ii) an electron affinity associated with the neutral that is not too high. In those rare cases in which the crossing points for electron transfer are near to or within the proton transfer crossing point, the likelihood for proton transfer at the crossing point is expected to become a much more important consideration in determining the likelihood for electron transfer.
The final column of Table 2 provides an indication of the similarities of the ETD spectra obtained using the various reagents, in terms of the identities and relative abundances of the c-and z-type product ions. To provide a quantitative measure of spectral similarity, the product-moment correlation coefficient, R, given by 48 has been determined, where x and y are the sets of relative abundances of the sequence c-and z-type ions from the two spectra being compared. This statistic has previously been used by Budnik et al. to assess similarity of fragmentation patterns between spectra derived from ECD and CID. 49 The spectrum acquired for each reagent was compared to a spectrum created by averaging across all of the reactants that produced good signal/noise ratio ETD data with good % ETD reproducibility (i.e., O 3 , S 2 O, SO 2 , norbornodiene, cis-stilbene, azobenzene, fluoranthene, perylene, o-dinitrobenzene, m-dinitrobenzene, p-dinitrobenzene, nitrobenzene, and 1,3,5-trinitrobenzene). The average spectrum was used to supply the y values in the equation for R. The R values obtained for each reagent are reported in 
Electron versus Proton Transfer in Ion/Ion Reactionsgreater than 10% have an average correlation of 0.88. As a reference, repeated spectra taken on the same day, with the same reagent, typically have an R value of 0.9, while spectra for the same reagent, taken several months apart, have yielded R values of around 0.8. The generally high degrees of similarity between spectra acquired with different reagents, despite the fact that they represent a range in electron affinity that spans roughly 35 kcal/mol, is noteworthy. The correlation values as a whole suggest that the relative abundances of the different sequence ions are rather insensitive to overall electron transfer reaction exothermicity, at least over the range of energies accessed here. Adduct Formation in Conjunction with Electron Transfer. Electron transfer is expected to compete favorably with proton transfer when the probability for an electron hop at the longrange crossing point is high. Furthermore, as indicated above, πr ET 2 generally exceeds πr PT 2 for protonated polypeptides. A significant fraction of species that undergo electron transfer, however, will subsequently undergo a hard-sphere collision. It is known that chemical complexes are formed for a significant fraction of proton transfer ion/ion reactions involving peptides and proteins. 51 For example, anion attachment to protonated polypeptides is often observed when there is a relatively strong dipole-dipole interaction between the proton transfer sites. Furthermore, charge inversion reactions involving multiple proton transfers, which are unlikely to occur via curve crossings at long distances, have also been reported. 10a,d,e On the basis of the situation depicted in Figure 2 , it is clear why it might be expected that a sizable fraction of proton transfer reactions could involve the formation of a chemical complex because b PT and b h-s are expected to be close to one another. In fact, cases can be envisioned in which b h-s exceeds the impact parameter for a "long-range" proton transfer. The alternative possibility for electron transfer taking place via a long-lived chemical complex is not precluded. However, the presence of much more thermodynamically favored proton transfer pathways would lessen the likelihood for the observation of electron transfer upon break-up of the complex. Nevertheless, a fraction of the reactants that undergo an electron transfer at a distant crossing will also subsequently undergo a hard-sphere collision. Provided the interaction between the products is sufficiently strong, a complex of the form [MH n (n-1)+• ‚‚‚A • ], which is isomeric with [MH (n-1) (n-1)+ ‚‚‚HA], might be observed. In principle, it could be formed via the collision of the electron transfer products, as mentioned above, or it could be formed via isomerization of [M (n-1) (n-1)+ ‚‚‚HA]. Relatively little adduct formation was noted in the reactions of triply or doubly protonated KGAILKGAILR with the anions of this study. However, relatively abundant adduct products were observed in the reactions of SO 2 -• with triply and doubly protonated guanidinated KGAILKGAILR. 4c When this adduct ion was subjected to isolation and collisional activation, the spectrum of Figure 6a was obtained.
The major product corresponds to the loss of SO 2 and/or HSO 2
• . The next three most abundant products all correspond to those expected from electron transfer, such as two z-type ions and a neutral loss from an arginine or homoarginine residue that is commonly observed with ETD and ECD. Figure 6b shows the results of an MS 4 experiment in which the ions formed by SO 2 /HSO 2
• loss were isolated and subjected to collisional activation. This spectrum shows the same products noted in Figure 6a as well as a few additional products that are known to arise from MH + ions (see below). Collision-induced dissociation data for the singly charged guanidinated KGAILK-GAILR ions formed from triply protonated ions via reaction with SO 2 -• anions (Figure 7a ), for which electron transfer and proton transfer are competing processes, and from exclusive proton transfer using perfluorocarbon anions as reagents ( Figure  7b ) are compared in Figure 7 .
Examination Figure 7b shows that loss of either water or ammonia (or both) and cleavage to give the (b 10 + H 2 O) + ion lead to the major MH + product ions. The (b 10 + H 2 O) + ion and the c 10 + ion cannot be distinguished. Therefore, the appearance of product ions known to arise from the MH + ion in the data of Figures 6b and 7a, along with product ions expected to arise from MH 2 +• , suggests that the singly charged ions subjected to collision-induced dissociation were comprised of both types of parent ions.
The data of Figures 6 and 7 are consistent with the potential energy curves of Figure 1 , which show a crossing within the chemical complex. A common way to illustrate a situation of this type is to plot potential energy versus reaction coordinate, as in Figure 8 .
The energy positions of the exit and entrance channels and that of the crossing are arbitrary in this figure. The key result is that there appears to be a barrier, either energetic, kinetic, or both, to isomerization of the adduct between structures best represented as [MH 2 +• ‚‚‚SO 2 ] and those best represented as [MH + ‚‚‚HSO 2
• ]. The barrier is represented in Figure 8 as involving a curve crossing. However, the ions represented as [MH 2 +• ‚‚‚SO 2 ] may also include species in which covalent bonds in the polypeptide are already cleaved but the products remain associated, as has been hypothesized in ECD. Nevertheless, the experiment leading to Figure 6a indicates that loss of SO 2 is more facile than separation of polypeptide fragments by virtue of the absence of any expected ETD fragments associated with a molecule of SO 2 . A plausible overall scenario for the formation of the adduct ions of the form [MH 2 +• ‚‚‚SO 2 ] is that they arise from the fraction of electron transfer collisions that occur within the impact parameter for a hard-sphere collision and from the fraction of such collisions that result in the survival of the chemical complex.
Conclusions
Proton transfer from or electron transfer to gaseous multiply protonated peptides are exothermic reactions for what is likely to be a large majority of readily formed gaseous anions. Proton transfer is usually thermodynamically favored, and when this is the case, electron transfer should be kinetically favored (provided it is exothermic) based on the locations of crossing points at which electron transfer and proton transfer occur. The observance of electron transfer, therefore, is expected to be largely determined by factors that govern the probability for net electron transfer at the electron transfer curve crossing. Viewed within the context of Landau-Zener theory, there are both energetic and geometric criteria that should be met for the observation of significant electron transfer when polyatomic anions are involved. Given that the cation is defined as a multiply charged peptide or protein, it is the characteristics of the anion that determine if electron transfer or proton transfer dominate. The data and the curve crossing model suggest that high reagent electron affinities, roughly 60-70 kcal/mol or greater, likely place the electron transfer crossing point too distant for efficient reaction. However, there is only suggestive experimental evidence that the reagent electron affinity can be too low. A model that assumes only single states for the reactants and products would predict the possibility for a reagent with an electron affinity that is too low. However, when the possibility for participation of higher energy states is considered, the electron affinity criterion is relaxed for low electron affinities. The data and the model also suggest that the geometric criterion, as reflected in Franck-Condon overlap between the reactant anion and its neutral products, is very important. For the most part, Franck-Condon factors associated with the ground electronic states of the reactant anion and its neutral appear to provide at least qualitative guidance regarding the likelihood for electron transfer when the electron affinity of the reagent is not too high.
The apparent similarity of ECD and ETD data is consistent with electron transfer taking place largely at a distant crossing point. In this process, the cation does not interact chemically with the reagent species and simply captures its excess electron. In the case of electron transfer from an anion, less energy is available to populate excited states of the cation than with the capture of a free electron. The reaction exothermicity is smaller in the case of ion/ion reactions, and some of the reaction exothermicity can be partitioned into translation of the products, which is not the case for electron capture. The significance of this difference may become clearer as more comparative ETD and ECD data are collected. A unique characteristic of ion/ion reactions is the possibility for the formation of a chemical complex, either after an electron transfer or proton transfer at a distant crossing point or directly from the oppositely charged ions. At least in some ion/ion combinations, intimate collisions can take place with a significant number of encounters. In some cases, such chemical complexes have been observed with reactants known to undergo electron transfer reactions. Complete isomerization to the thermodynamically favored proton transfer intermediate is not observed. This observation suggests the possibility that novel chemistries within these chemical complexes might be observed that cannot result from electron capture alone.
